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Significance
For the first time, CFD-DEM simulations of small-scale fluidized beds are quantitatively validated against large-scale
experiments. Such validation is possible via the identification of a measurement independent of system size, namely
defluidization. CFD-DEM inputs (particle properties and operating conditions) are measured directly. Sphericity is
found to be critical, even for highly spherical particles. This size-independent method of validation is valuable since it
allows for validation of CFD-DEM models without restrictions on system sizes or particle sizes. VC 2015 American Insti-

tute of Chemical Engineers AIChE J, 61: 4051–4058, 2015
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Introduction

F
luidized beds are known for efficient mixing and contact-
ing, leading to their widespread use for reactions, heat
transfer, and mixing. While an empirical understanding

has existed for decades, a theoretical understanding is more
recently developing.1 For example, Computational Fluid
Dynamics-Discrete Element Method (CFD-DEM)2 simulations
recently provided support for Molerus’3 theory that Group A par-
ticles transition to Group B as cohesive forces are removed.

CFD-DEM is a tool that will continue to be useful in build-
ing an enhanced physical picture of the fluidized-bed system.
In such simulations, particles are treated as discrete entities
via DEM and the fluid is treated as a continuum via CFD.
Because each particle is tracked, incorporating particle–parti-
cle interactions like collisions is straightforward (i.e., a consti-
tutive relation for collisional stress is not needed), as is the
incorporation of additional physics like particle-size distribu-
tion, cohesion, etc. However, CFD-DEM is limited to a small
number of particles (generally � 106), due to high computa-
tional overhead,4 and, thus, simulated systems are generally
orders of magnitude smaller than realistic applications (> 108

particles). Conversely, the Two-Fluid Model (TFM), which
treats both gas and solid phases as continuum, is capable of
modeling industrial sized systems,5 but requires constitutive
relations (e.g., solid-phase stress) to close the equations of
motion. Accordingly, CFD-DEM can be viewed as an “ideal”
dataset for validation of TFM since: (1) the tracking of indi-
vidual particles precludes the need for closures like solid-

phase stress, (2) the assumptions of CFD-DEM and TFM can
be matched (e.g. smooth particles, perfectly spherical, etc.),
and (3) intrusive measurements are avoided. Nonetheless,
experimental validation of CFD-DEM is still necessary to
instill confidence in the particle–particle interactions (colli-
sions, short-range forces, shape effects, etc.).

In past studies, CFD-DEM predictions were quantitatively
compared against numerous experimental measurements that
depend on system size: particle velocities,6 voidage,7 pressure
drop and fluctuations,8 bed expansion,8,9 and bubble proper-
ties;9,10 see Zhu et al.11 for a more comprehensive list. For these
comparisons, the simulated and experimental system sizes were
matched, which restricted the experiments to small apparatuses
and large (generally Group D) particles. Specifically, systems
were limited to bed-width-to-particle-diameter ratios6–9 that are
small enough for wall effects to make a significant contribution
or even dominate results,12 thereby limiting the ability to con-
duct a robust validation of practical systems. Furthermore, with
validation restricted to large particles, validating the physics that
dominates with smaller particles, such as van der Waals forces,
is difficult. This restriction of CFD-DEM validation to smaller
systems and/or larger particles presents a conundrum when it is
used as validation data for TFM models. Namely, the mecha-
nisms at play (e.g., wall effects) may be different in the smaller
systems used for validation than in the pilot- and industrial-scale
systems of ultimate interest in which TFM will be used. To over-
come this obstacle and allow for a robust validation of CFD-
DEM at larger scales, a measurement that is independent of sys-
tem size is key.

Unlike previous works, attention here is paid to identifying
a measurement that is system-size independent, namely
defluidization measurements. Figure 1a illustrates typical flu-
idization and defluidization curves, or pressure drop across a
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particle bed, DP, vs. increasing and decreasing superficial gas
velocity, U. At lower velocities when particles are stationary,
a linear relationship exists between DP and U (e.g., dashed
black line for U<Umf) which can be described with the
Ergun13 or Carman-Kozeny14 expressions. When the fluid
velocity is sufficiently high for the drag to match the apparent
weight of the particle bed, then DP remains constant with fur-
ther increases in U. When fluidized, a macroscopic force bal-
ance indicates that DP equals the weight of the bed divided by
its cross-sectional area (W/A; e.g., horizontal dotted black line
in Figure 1a).

The defluidization curve (decreasing U), rather than fluid-
ization (increasing U), is identified for comparison with CFD-
DEM because the fluidization branch varies with system size
(green and blue dashed lines),15,16 as depicted in Figure 1a.
During fluidization the particles must overcome static friction
with the wall to fluidize, and, thus, DP overshoots W/A.15,17

The degree of overshoot depends on system size and will dis-
appear with increasing bed diameter.17 (A change in the initial
packing fraction will also lead to a change in the packed-bed
slope during fluidization16 as shown by red line in Figure 1a,
though this effect does not depend on system size.) Con-
versely, defluidization (solid black line in Figure 1a) is gener-
ally insensitive to system size because it does not involve the
frictional mechanism just described.15 Accordingly, the
method of Richardson,18 which utilizes the defluidization
curve rather than fluidization, is generally used19 to determine
the minimum fluidization velocity (Umf). Namely, Umf is
defined as the velocity at the intersection of the linear, packed-
bed region of the defluidization curve (black dashed line), and
W/A (horizontal line).18 Previous studies indicate that, in the
presence of particle-wall friction, Umf is independent of
domain size above a critical ratio of bed diameter to particle
diameter (Dbed/d),20,21 but otherwise Umf increases with decre-
asing system size.21,22

The aim of the current work is twofold: (1) to test the
hypothesis that system-size independence of Umf can be
achieved in both large-scale experiments and small-scale sim-
ulations, and (2) if the hypothesis is supported, demonstrate its
applicability to providing a validation of small-scale CFD-
DEM with large-scale experiments. An important element of
this comparison is carefully measured particle properties (e.g.,

sphericity, friction) and operating conditions (e.g., humidity),

which are used as inputs to the simulations. Such care is

needed since Umf is found to be sensitive to particle properties

and operating conditions, thereby making Umf a good basis for

comparison in validation studies.

Methods

The large discrepancy between the experimental and simu-

lated system size considered here is intentional, for reasons

described above. Namely, the bed height (Hbed) and diameter

(Dbed) of the experimental system is �10 cm (Figure 1b),

while the simulated height (HDEM) and width (WDEM) are

�1 cm (Figure 1c). A uniformly distributed stream of air (den-

sity 0.97 kg/m3, and viscosity 1.83 3 1025 Pa s), which has a

controlled velocity, is introduced to the bottom of the bed of

particles. The gas velocity is initially high enough (� 8 cm/s)

to ensure that the bed is fully fluidized, after which the veloc-

ity is reduced using small increments. After each reduction,

the velocity is held constant long enough to ensure that a sta-

tionary state has been reached. The pressure drop across the

bed of particles is measured during this stationary state, lead-

ing to the defluidization curve.

Experiments—fluidized bed apparatus

The experimental setup is the same apparatus used previ-

ously in our group, as detailed elsewhere.23 Two Plexiglas col-

umns, with diameters of 18.4 cm and 12.0 cm, were used. The

incoming air is distributed to the bottom of the column using a

20 lm average porosity sintered 316 stainless steel distributor

plate (Mott Corporation). Uniform gas flow was ensured as the

pressure drop across the distributor was always greater than

10% of the pressure drop across the bed at Umf.
19 A high ini-

tial gas velocity ensured the bed remained bubbling after sev-

eral velocity reductions. To initialize, the gas was held at the

highest velocity for approximately 20 min after the relative

humidity of the bed dropped below 3%. The gas velocity was

then reduced and held constant for 60 s (60 Hz sampling rate)

to ensure that DP reached a stationary state; this process was

repeated until a zero gas velocity was reached. The resulting

defluidization curves from five separate trials were averaged

Figure 1. (a) Illustration of fluidization and defluidization curves. Schematic of (b) the experimental system the number of
particles is on the order of 108, and (c) the CFD-DEM domain where the number of particles is on the order 105.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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and displayed in all defluidization curves, along with 95%

confidence intervals.
Precautions were taken to eliminate all sources of cohesion

from experiments, for cleanest possible comparison with the

(noncohesive) CFD-DEM predictions. To avoid cohesion aris-

ing from moisture, a packed silica dryer at the inlet of the flu-

idized bed controlled the relativity humidity to below 15% for

all experiments. The defluidization curves did not change

when the relative humidity reduced from 15% to below 3%,

indicating humidity is not affecting the results. The humidity

was monitored with an Omega HX93AV-RP1 hygrometer

under the distributor plate. To minimize electrostatics, anti-

static spray (Kensington Dust Guardian) was applied to the

walls of the column and a copper wire and metal base were

used to ground the system.
A method to estimate the critical ratio of particle to bed

diameter, below which the defluidization curve could be

system-size dependent, was developed here. The Wen and Yu24

correlation is widely used for predicting Umf, but the correlation

does not include bed size dependence. Conversely, Rao et al.25

adjusted the Wen and Yu correlation to include bed size

dependence. However, the Rao et al.25 correlation does not pre-

dicts a critical bed size needed for bed-size independence (i.e.,

it asymptotes to the Wen and Yu24 correlation, incorrectly indi-

cating a bed would need to be infinitely large). Thus, the Rao

et al.25 and Wen and Yu24 correlations are combined to approxi-

mate the critical bed diameter for our system. In particular, the

critical bed diameter is defined as the diameter when the Rao

et al.25 correlation for Umf is within 0.5% of the value obtained

from Wen and Yu.24 Using this method, the critical bed diame-

ters are found to be approximately 500d and 400d for the

smaller and larger particles studied here, respectively; both are

well below the sizes of the experimental system.

Particle characterization

The spherical soda-lime glass particles, acquired from Mo-

Sci, are Geldart Group B and, thus, van der Waals forces are

negligible.3 Two particle size ranges were investigated, both

relatively monodisperse, with arithmetic mean diameters, dave,

of 151 lm and 300 lm. For simplicity, the former and latter

particle size ranges are referred to as 151 lm glass and 300

lm glass, respectively. The Sauter mean diameters for the two

particles, calculated based on an assumption of spherical par-

ticles, are similar to the arithmetic mass mean, namely 150 lm

and 296 lm (Sauter means) for the 151 lm and 300 lm glass

(arithmetic means), respectively. Particle-size distributions

were measured via careful and repeatable sieving, and the dis-

tributions are provided in Figure 2a. The distribution of parti-

cle sizes within a given bin (sieve) is unknown; the black lines

between measured frequencies are used to express such a con-

tinuum of particle sizes. While both particle size ranges are

relatively monodisperse, they are made up of a narrow distri-

bution of particle sizes. When considering the full particle-

size distribution, simulations are called polydisperse; simi-

larly, monodisperse is used to refer to the case of simulating

particles of a single size (dave).
Sphericity, /, is a measurement of particle shape and is

classically defined as the ratio of the surface area of a sphere

with the equivalent volume of the particle to the surface area

of the particle,26 but can be estimated accurately from two-

dimensional images.27 Here, the ratio of the equivalent-sphere,

projected-area diameter to the equivalent-sphere, projected-

perimeter diameter is used to measure /28 via optical micros-

copy. The sphericity value is based on the macroscopic perim-

eter measurement (i.e., deviation of the perimeter from a circle

with the same area), and is not a measurement of microscopic

roughness. Figure 2b contains the number-based frequency

distribution of / (fn,/) measurements for the 300 lm glass

spheres. Similar to the particle-size distribution in Figure 2a,

fn,/ in Figure 2b is a discrete representation of a continuous

value. The microscope images were analyzed using image-

processing software written in MATLAB. First, images are

segmented using the thresholding method, which uses the

pixel intensities to convert a grayscale image to binary (black

and white). The inset of Figure 2b provides original particle

images (randomly selected), along with the tracked outlines in

red. The perimeter and area of identified particles were used to

calculate the sphericity. The resulting values of mean spheric-

ity for the 300 lm and 151 lm glass particles are 0.93 and

0.94, respectively. It is worthwhile to note that the particles

Figure 2. Particle characterization: (a) measured and simulated particle-size distributions (mass-based frequency, fm) for the
151 and 300 lm glass; (b) sphericity distribution (number-based frequency fn,/) for 300 lm glass spheres acquired
from microscope images with inset of randomly selected examples.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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appear spherical via a visual inspection of the particle in the
inset of Figure 2b, though the measured values reveal a slight
nonsphericity not easily perceived by the eye.

The friction coefficient was measured using 2 mm soda-lime
glass spheres from the same manufacturer, by measuring the
acceleration of sleds (constructed by epoxying the spheres to the
bottom four corners of glass microscope cover slips) down glass
plates with known inclination angles. The measured kinetic parti-
cle–particle friction coefficient, l 5 0.273 6 0.02, was measured
at a relative humidity below 5%. The coefficient of restitution
reported in the literature for glass, e 5 0.97.29 This value was
confirmed via imaging measurements of precollision and postcol-
lision velocities from a few drop experiments of 2 mm glass
spheres on a glass surface.

CFD-DEM simulations

The CFD-DEM simulations were conducted using the
open-source code MFIX (Multiphase Flow with Interphase
eXchange).30 A brief summary of the simulations is provided
below, with more details available elsewhere.31

CFD-DEM governing equations

Details of the CFD fluid solver can be found in the MFIX
theory manual30 and user guide. For DEM, the solids phase is
treated as discrete, cohesionless particles. For particle of mass
m, and rotational velocity, xs, are solved by Newton’s equa-
tions of motion

m
dus

dt
5 fc 1 ff 1 mg (1)

I
dxs

dt
5 T (2)

where g is the acceleration due to gravity, T is the torque due
to the tangential component of the contact force, and I is the
moment of inertia. Additionally, fc is the contact force due to
particle–particle and particle-wall contacts and is given by the
visco-elastic contact models of Tsuji et al.32 and Antypov and
Elliott.33 The fluid-particle interaction, ff, associated with par-
ticle i is given by

fi
f 5 2 VirPg 2

Vi b
1-e
ðug– usÞ (3)

where Vi is the volume of the particle, Pg is the gas pressure,
b is the gas–solid frictional coefficient, us is the translational
particle velocity, ug is the gas velocity, and e is the porosity.

b can be obtained from different drag models, with the general
form given by van der Hoef et al.34

b 5 18lg e2 ð1 2 eÞ F

d2
s; eq

(4)

where F is a nondimensional drag force, and is a function of
Reynolds number and solids volume fraction. The Koch–Hill
drag force model was used in this study; the detailed expres-

sion of F can be found in Benyahia et al.35 To account for the
particle shape, an equivalent-spherical particle diameter, ds,eq,
is used in the drag law by multiplying the sphericity with the
particle diameter,36 d, as ds;eq 5 /d. The particle shape is only

accounted for in the drag force, as the particles used here are
close enough to perfect spheres such that the slight nonspher-
icity is expected have a negligible impact on particle contact

detection and subsequent dynamics. It is also worth noting
that the Koch–Hill35 model is based on DNS simulations of
cohesionless spheres, making it more analogous to the condi-

tions of the current study (experiments and CFD-DEM) than
the more common empirical drag models.24,37 Specifically,
experiments were controlled to reduce cohesion to negligible

levels (humidity and electrostatics) and particles as close to
spherical as possible were used. For these reasons, the Koch–
Hill drag model showed better agreement with experiments
than the Gidaspow37 and Wen and Yu24 drag correlations

(results not shown for the sake of brevity).

Simulation conditions

CFD-DEM simulations were performed in a 3-D rectangular

fluidized bed, as illustrated in Figure 1c. To initialize the bed
for the defluidization simulations, particles settled into a static
packing, in the absence of gas flow. Next, a gas velocity high

enough to ensure a fully fluidized (�5–8 cm/s) bed was initi-
ated. Each subsequent, reduced gas velocity was held constant
for 0.1 s, which provided sufficient time for the pressure drop

across the bed to become stationary. After reaching stationary
state, the pressure drop time series (sampled at 200 Hz) was
used for the average and 95% confidence intervals displayed
in all defluidization curves. The simulations and experiments

provide consistent observations on the fluidization behavior
upon defluidization, specifically that the bed is bubbling until
Umf is reached and then settles into a packed bed.

Wall effects are minimized by simulating frictionless walls

for the particles and free slip (zero velocity gradient) for the
gas, in order to mimic a system with a much larger diameter,
as in the experiment. No sensitivity was predicted to increas-

ing the bed width and static bed height (via a corresponding
increase in the number of particles simulated; see Table 1),
ensuring insensitivity to domain size. The simulated (O(105)

particles) and experimental (O(108) particles) systems inten-
tionally are on different scales. The CFD grid size was set to
twice the maximum particle diameter in the system, and no
sensitivity was found when the grid size was increased to four

times the maximum particle size. Table 1 summarizes the
properties of solid and gas phases used in CFD-DEM
simulations.

The defluidization curve was confirmed to be independent

of Young’s modulus (E) for the particles studied here, where
Umf deviated by less than 0.53% for E ranging from 10 MPa

Table 1. Parameters Used in Simulations

Parameter Value

Mean particle diameter, dave (lm) 151 and 300
Particle intrinsic density, qp (kg/m3) 2500
Particle–particle friction coefficient, l 0.275, 0.1, 0.4
Normal coefficient of restitution, e 0.97
Total number of particles 117,299–351,897
Base case static bed geometry

(300 lm glass) (cm)
HDEM 5 1.25,

WDEM 5 1.41
Varied static bed geometries

(300 lm glass) (cm)
HDEM 5 1.25–3.75,

WDEM 5 1.41–2.11
Static bed geometry (151 lm glass) (cm) HDEM 5 0.59,

WDEM 5 0.71
Gas density, qg (kg/m3) 0.97
Gas viscosity, lg (Pa s) 1.8335 3 1025
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to 73000 MPa (results are not shown for the sake of brevity).

As the time step is proportional to E20.4, implementing a

much softer Young’s modulus (100 MPa) than the realistic

value (73,000 MPa) reduced computational cost without sacri-

ficing physical accuracy.4,38,39

Results and Discussion

In this section, the measured and predicted defluidization

curves are compared. First, the independence of the defluidiza-

tion curve on system size is verified for both the experiments

and simulations. Next, quantitative agreement is presented

when incorporating measured particle properties and operating

conditions. Finally, a sensitivity of predictions to particle

shape, friction, and size distribution is discussed.
To test the hypothesis that the defluidization is system-size

independent, simulations and experiments were performed

with varied bed sizes, as shown in Figures 3a, b, respectively.

In Figure 3a, the legend indicates the dimension (HDEM or

WDEM) that is varied from the base value (see Table 1). CFD-

DEM simulations of varied bed sizes display small variation

in the defluidization curves, which is traced to differences in

initial conditions of the beds rather than wall effects, as

particle-based systems are known to exhibit fluctuations in

packing densities.40 The bed diameters used in our experi-

ments are large enough to ensure that such dependencies are

eliminated. Specifically, a repetition of the base geometry with

different initial particle placements resulted in a change of
Umf from 5.58 cm/s to 5.85 cm/s (relative difference of 5%).
The predicted Umf values from all geometries investigated lie
within this range, except for HDEM 5 2.5 cm and
WDEM 5 1.41 cm, where Umf 5 5.53 cm/s is just slightly out-
side this range. In Figure 3b, the experimental system is shown
to be insensitive to bed height and diameter, which is in agree-
ment with previous observations20 for similar particle sizes in
smaller diameter beds. The independence of experiments on
column diameter indicates wall effects (e.g., particle-wall fric-
tion) are negligible and allows for a consistent comparison to
simulations, which employ frictionless walls.

Given the independence of the defluidization curve to sys-
tem size in both simulations and experiments (Figures 3a, b),
the simulation of the small-scale fluidized bed is compared to
measurements from the large-scale experiments in Figures 3c,
d. Quantitative agreement is possible only when (1) using
carefully measured particle properties (e.g., sphericity) rather
than estimates from tabulated values, and (2) eliminating
any mechanism from the experiments that was not modeled
(e.g., relative humidity or static effects). For the 150 lm glass
(Figure 3d), the measured (1.53 6 0.09 cm/s) and predicted
(1.48 cm/s) Umf values are in excellent agreement. Similarly, for
the 300 lm glass (Figure 3c) agreement is found between
measured Umf 5 5.56 6 0.06 cm/s, and predicted Umf 5

5.67 6 0.13 cm/s, which considers all system sizes investigated
via averaging of all trials at all bed sizes. In Figure 3c,

Figure 3. Defluidization curves: independence of system size for 300 lm glass in (a) CFD-DEM predictions (polydisperse,
/ 5 0.93) and (b) experiments. Qualitative and quantitative agreement between measured and CFD-DEM predictions
of (c) 300 lm and (d) 151 lm glass.

Error bars for experiments and simulations represent 95% confidence intervals; error bars are often too small to distinguish on

scale of plot. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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only the base geometries for the measured (Dbed 5 18.4 cm,
Hbed 5 15.2 cm) and simulated defluidization curves are plotted
due to the overlapping agreement of the various sizes (Figures 3a,
b). Furthermore, the CFD-DEM predictions are more quantita-
tively accurate for predicting Umf (2–3.3% error) than classic cor-
relations24,41 (17–21% error when assuming spherical particles
and 6–16% error when including the measured sphericity).

As mentioned previously, careful characterization of par-
ticles used in experiments is critical for a successful
simulation-experimental comparison. Figure 4 demonstrates
the sensitivity of CFD-DEM predictions to particle shape and
size distribution for two different particles sizes. For the nar-
row particle-size distributions studied in this work, monodis-
perse simulations using the arithmetic-mean particle diameters
(red lines with triangles) are good approximations of the true
distributions (blue lines with circles). However, when consid-
ering perfect spheres (/ 5 1), neither the monodisperse or
polydisperse predictions quantitatively agree with the meas-
ured defluidization curve (black squares). For accurate, quanti-
tative prediction of the defluidization curve, accounting for the
slight nonsphericity (/ 5 0.93–0.94; cyan dashed line) of the
particles is necessary. Particle shape is only accounted for in
the drag model of the CFD-DEM, as explained above. Inclu-
sion of this shape effect increases the drag force (Eq. 4),
resulting in a smaller Umf. Accounting for the nonspherical
nature enhances the relative change of Umf in the smaller parti-
cle (13% difference; Figure 4b) compared to the larger (10%
difference; Figure 4a). The increased sensitivity of the smaller
glass particles is due to the nonlinear dependence of drag on
particle diameter. Li et al.42 is one of the few studies to per-
form a sensitivity test to particle shape in fluidization CFD-
DEM, specifically on voidage and particle velocity profiles in
bubbling beds. They predict an increase in voidage and parti-
cle velocities when accounting for shape, which they also
attribute to increased drag force. It is worth noting that the
effect of shape, Figure 4, is more significant than the sensitiv-
ity to initial condition explained with respect to Figures 3a, b.

The defluidization curve also exhibits sensitivity to the par-
ticle–particle friction, similar to the predictions of Galvin and
Benyahia43 for cohesive particles. Specifically, friction coeffi-
cients of l 5 0.1 and 0.4 resulted in predicted Umf values dif-
fering by more than 8% from the Umf predicted when using

the measured value of l 5 0.275 (results not shown for sake of
brevity), indicating that accurate prediction of the defluidiza-
tion curve relies on implementing the measured friction coeffi-
cient. CFD-DEM predictions are only marginally sensitive to
the range of coefficient of restitutions investigated (e 5 0.6 to
0.97; results not shown for sake of brevity).

Concluding Remarks

The overarching contribution of this work is the ability to
quantitatively validate small-scale CFD-DEM simulations
with large-scale experiments via the identification of a system-
size independent measurement—the defluidization velocity.
Careful measurement of material properties such as particle
size, friction, and shape are necessary for accurate predictions.
In particular, to achieve quantitative agreement within the
experimental error, the nonspherical shape of particles must be
measured and incorporated into simulations. Even for highly
spherical particles (/� 0.93), which look like spheres to the
eye, accounting for nonsphericities is necessary. Additionally,
care must be taken to minimize experimental effects that are
not included in the model such as cohesion (i.e., van der
Waals, relative humidity and electrostatics). Accordingly, this
work demonstrates that the defluidization curve provides a
nontrivial validation due to the measurable sensitivity of Umf

to material properties and system conditions.
The identification of a system-size independent measurement

provides a new avenue for validating physical models in CFD-
DEM without being constrained to a small experimental appa-
ratus and/or large particles, which may favor mechanisms not
present at larger scales (e.g., wall effects) and, thus, preclude a
robust validation. Examples of physical models that can be
tested using this methodology include the effects of cohesion
(van der Waals, liquid bridging, etc.), particle shape, and parti-
cle breakage. Once these physical models are validated, CFD-
DEM can be used with confidence to build and test constitutive
relations for two-fluid (continuum) models without the need to
rely on empiricism or adjustable parameters.
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